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The terrorist attack of September 11, 2001 on targets in the United States has led to 
considerations for impact resistance against bombs or other impact loadings for important 
government and military installations. When a concrete structure is subjected to impact 
loading, it will show a very different response as compared to a statically loaded structure. 
This thesis describes an experimental study on the effect of content, type, and length of 
fibres, concrete strengths and aggregate on the impact resistance of concrete. 
 
A total of 17 mixes were designed and tested. These mixes consisted of un-reinforced and 
reinforced concrete, normal-strength and high-strength concrete, and Silicon Carbide 
based Fibre-reinforced composite. The water-to-cementitious material ratio (w/cm) of the 
concrete ranged from 0.23 to 0.55 and the corresponding compressive strength ranged 
from about 210 to 45 MPa. Fibres made from steel, polypropylene, and polyethylene 
were included in the study. The content of the steel fibres ranged from 0 to 1.5% by 
volume of concrete. Most of the fibre-reinforced concrete mixtures incorporated fibres 
with a length of 13 mm except for one mix which incorporated steel fibres with a length 
of 25 mm. In order to evaluate the effects of aggregate types, granite and silicon carbide 
aggregates were used. 
 
For evaluating the mechanical properties of concrete specimens, compressive strength, 
flexural tensile strength and dynamic modulus of elasticity were determined in this study. 
During the impact test, the specimens were subjected to impact with ogival-nosed, 
hardened tool-steel projectiles fired from a gas-gun. Impact velocities of the projectiles 
 viii
ranged from 615 m/s to 714 m/s. The degree of damage was observed by measuring the 
penetration depth, average crater diameter and qualitative description of crack 
propagation. 
 
From the analysis of the results, it was found that the crater diameter and penetration 
depth were reduced with an increase in fibre content up to a level of which workability 
and consolidation of concrete are not adversely affected by the fibres. However, the 
reduction in the penetration depth was not significant. The fibre-reinforced concrete with 
steel fibres and that with a combination of steel fibres and polypropylene fibres seems to 
be more suitable in resisting the projectile impact compared with the concrete with the 
polypropylene or polyethylene fibres only. The penetration depth of the concrete under 
the impact was not affected significantly with an increase in the fibre length from 13 to 
25 mm. However, the increase in the fibre length resulted in greater crater diameter. The 
normalized penetration depth and crater diameter of the control concrete was reduced by 
42% and 33%, respectively, with an increase in the compressive strength from 46.3 to 
111.6 MPa. For the fibre-reinforced concrete, the reduction on the crater diameter and 
normalized penetration depth was 10% and 35%, respectively, with an increase in the 
compressive strength from 69.9 to 129.7 MPa. Effect of the dynamic modulus of 
elasticity of concrete shows a similar trend as that of the compressive strength on the 
impact resistance of concrete. For a given w/cm of concrete, a stronger aggregate with 
bigger size is beneficial in order to reduce the penetration depth. In summary, the 
incorporation of a small amount of fibres could reduce the crater diameter effectively as 
the fibres were able to bridge cracks and to hold concrete together. However, in order to 
 ix
reduce the penetration depth, reduced water-to-cement ratio, use of stronger aggregate, 
and increased strength of the concrete were required.  
Finally, the test results were compared with different empirical equations for predicting 
the penetration depths and it was found that US ACE, Haldar, and Ammann and Whitney 
equations gave reasonably good estimations for the penetration depth of the concrete 



































Cd: Average Crater Diameter 
Ed: Dynamic Young’s Modulus 
f/c: Unconfined Cube Compressive Strength 
             ft: Flexural Tensile Strength 
   Pd: Penetration Depth 
Pd’: Normalized Penetration Depth 
v: Impact Velocity 
w/cm:  Water to Cementitious Material  Ratio. 
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The early forms of concrete were used in the ancient Egyptian and Roman 
civilization. As a binder calcined gypsum was used by the Egyptians, whereas 
limestone and volcanic ash were used by the Romans (Neville 1981). With the 
invention of Portland cement, concrete has become a popular material in the 
construction industry as it is seen as a cost effective material in terms of the 
material availability as well as its structural capability and durability. Generally 
concrete has been used for buildings, bridges and other civil engineering structures 
for a long times. But nowadays, it is also extensively used in protective structures 
where design against the impact by fragments and projectiles is a critical and an 
important issue.  
 
The terrorist attack of Sept 11, 2001 on targets in the United States has led to 
considerations for impact resistance against bombs or other impact loadings for 
important government, civilian, and military installations. When a concrete 
structure is subjected to impact loading, it will show a very different response as 
compared to a statically loaded structure.  Physically, the localized effects of the 
impact by fragments or projectiles are characterized by penetration or perforation, 
spalling and/or scabbing, whereas global effects are represented by crack 
propagation across the structure (Clifton1982).  The magnitude of the damage 
caused in the structures is dependant on many factors such as impact velocity, mass, 
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geometry and material properties of the fragment or projectile, as well as the 
material properties of the structure (Dancygier 1996). 
Plain concrete of sufficient thickness generally provide sufficient protection against 
small arms fire and shrapnel.  However, a major limitation is that the normal 
strength concrete may not provide sufficient residual strength to prevent perforation 
by subsequent impacts after resisting an initial impact (Richard 1995).  Front-face 
spalling and rear-face scabbing on concrete may also reduce the structural capacity 
to undesirable levels. Thus the development of High strength fibre-reinforced 
concrete seems to provide a more viable solution to this problem. 
1.2 Objectives 
The objectives of this study are: 
         1.  To investigate the influence of the following factors on the impact resistance 
of concrete: 
     a. Amount of fibres, 
     b. Types of fibres, 
     c. Length of fibres, 
     d. Compressive and flexural tensile strength, 
     e. Dynamic modulus of elasticity 
     f. Types of aggregates. 
    
2. To investigate the relationships between properties of concrete and the 
magnitude of damage sustained when subjected to high velocity projectile 
impact.          
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         3.  To evaluate available empirical equations for prediction of penetration depth 
in concrete when subjected to projectile impact. 
1.3  Scope 
For evaluating the mechanical properties of concrete specimens, compressive 
strength, flexural tensile strength, and dynamic modulus of elasticity were 
determined in this study. Impact resistance of concrete specimens were determined 
by using a gas-gun. After the impact test, penetration depth, crater diameter, and 
crack propagations of the concrete specimens were measured and evaluated.  
 
In this study seventeen concrete mixtures were evaluated. The water-to-
cementitious material ratio (w/cm) of the concrete ranged from 0.23 to 0.55 and the 
corresponding compressive strength ranged from about 210 to 45 MPa. Fibres made 
from steel, polypropylene, and polyethylene were included in the study. The content 
of the steel fibres ranged from 0 to 1.5% by volume of concrete. Most of the fibre-
reinforced concrete mixtures incorporated fibres with a length of 13 mm except for 
one mix which incorporated steel fibres with a length of 25 mm. In order to 
evaluate the effects of aggregate types, granite and silicon carbide aggregates were 
used. 
 
For simplicity, composites with maximum aggregate size less than 5 mm was also 
referred to as concrete. 
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CHAPTER 2  LITERATURE REVIEW 
 
 2.1   Mechanisms of Impact Damage of Concrete 
 
          Clifton (1982) depicted that when concrete is subjected to impact loads by a 
penetration device, three major fracture regions are usually formed on the impact 
face: the crater region, the crushed aggregate region and the extensive cracking 
region (Fig 2.1).  In addition, scabbing can occur which is violent separation of 
mass of material from the opposite face of a plate or slab subjected to an impact 
or impulsive loading.  
When the concrete is subjected to an impact or load due to contact / near contact 
explosion, a crater is produced as a result of the concentrated forces at the surface of 
the concrete.  These forces are transmitted inwards, thereby crushing the concrete in 
the crater region. The shape and size of the crater depends on the dynamic loading 
process as well as the strength of concrete. 
   
            The crushed aggregate region can be regarded as a transition zone in which the 
concrete has both plastic and elastic response to impact loading.  The concrete in 
this region is fractured by the original compressive wave and possibly further 
fractured by the reflected tensile waves. 
 
           The cracking region involves the propagation of elastic stress waves with little 
dispersion or attenuation from the point of impact. Compressive longitudinal 
wave generated by the impact propagate spherically into the concrete. When the 
wave reaches an opposite free surface, it is reflected at normal incidences as a 
CHAPTER 2  LITERATURE REVIEW 
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tensile wave.  The superposition of the original compressive wave and the 
reflected tensile waves results in a first decreasingly compressive and then 
increasingly tensile wave (Fig 2.2).  Within the concrete itself, internal stress 
wave reflections can occur due to the impedance mismatches between the cement 
paste and aggregates.                 
           Thus, when the amplitude of resulting tensile stress waves at any point in the 
concrete matrix exceeds the dynamic tensile strength at that point, fracture of 
concrete will occur. This fracturing primarily takes place in the cracking region. 
The tensile wave upon meeting a free surface will be reflected as a compressive 
wave and the process will be repeated with the possibilities of further damage 
occurring until the resulting stress amplitudes of the waves are dampened to 
below the dynamic tensile strength of the concrete. Scabbing at distal face occurs 
when the amplitude of the resulting wave build up near the surface, causing 
tensile stresses that exceed the dynamic tensile strength.   
It should be noted that microcracks in the cement paste matrix as well as in the 
interfacial zone between the cement paste and the aggregates are potential sources 
for the initiation of crack propagation; under an applied external load, there would 
be a local concentration of stress at crack tips, causing the extension of the 
microcracks.  Under impact loading conditions, the rapid increasing tensile 
stresses will drive a large number of such microcracks into rapid extension at the 
same time.  Thus, the propagating cracks may be forced to develop along paths of 
higher resistance, i.e. through the aggregate particles instead of growing around 
them (Zielinski 1984 and Bentur 1986).  This phenomenon is a result of both the 
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high stresses in the material and the inertia of the elements adjacent to the surface 
of the rapidly growing cracks.  
The impact damage on target depends on the types of penetration devices. The 
most commonly used ones for research purposes are projectiles which may be in 
different sizes and shapes. There are some factors of the projectiles that influence 
the impact damage of a target. Target material is also an important consideration 
when the damage is concerned. For the same type of projectile, different types of 
the target materials show different impact damages. In the following sections, 
factors of projectiles and target materials that influence the impact damage will be 
discussed. For the target material, discussion is limited to concrete.   
 
2.2 Factors of Projectile that Influence the Impact Damage 
     2.2.1  Hardness, Shape, and Size of Projectile 
Projectiles may be broadly classified into two types: soft and hard. “Soft” ones 
are those suffering significant deformation upon impact and those suffering 
insignificant deformation are termed “hard”. More specifically, for a soft 
projectile, the impact force is independent of the strength of impacted target 
material, whereas for a hard projectile, the impact force is dependent on the 
strength of the material in the impacted zone (Kumaran 1998).  
 
With a soft projectile, the period over which energy is transferred from the 
projectile to the target is of the same order or longer than the natural period of 
vibration of the target material. Therefore, the projectile can initially respond to 
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the impact by projectile deformation. With a hard projectile impacting a target at 
velocities greater than or equal to 30 m/s, the energy transferring rate is much 
faster than that to which the projectile can respond by deformation, and energy is 
absorbed principally by shear and local crushing failure of the concrete (Kumaran 
1998). 
 
Shape of the projectile also affects damage mechanism in terms of the sharpness 
of its nose. For ogive-nose shaped projectiles, Caliber Radius Head (CRH) is the 
most important criteria to represent the sharpness of the projectile. CRH is 
calculated by dividing the radius of arc at the projectile nose by the diameter of 
the projectile as shown in Fig. 2.3. Kumaran (1998) found that projectiles with 
CRH of 4.0 created a greater depth of penetration and more damage both in the 
radial and the transverse directions than those with CRHs of 1.5 and 2.5. 
According to him, conical-nose projectiles created smaller front and distal face 
craters than those by ogive-shaped projectiles, and spherical-nose projectiles were 
more destructive in the radial direction than transverse direction. 
 
Projectile diameter is also an important parameter for the impact damage. In a 
previous research by Ping (1999) using conical-nosed projectiles, it was found 
that the penetration depth decreases with the increase in projectile diameter. 
During the experiment, Ping used the 5.6-mm, 6.8-mm and 8.0-mm-diameter 
projectiles and it was found that the penetration depth in the concrete target struck 
by the projectiles of 5.6-mm diameter was almost twice that by 6.8 and 8.0-mm 
projectiles. The penetration depth on the concrete target struck by 6.8-mm and 
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8.0-mm diameter projectiles was similar for all the concrete tested. This suggests 
that beyond a certain limit the increase in the projectile diameter did not increase 
impact damage of target material significantly.  
  
2.2.2 Mass of Projectile 
 
Mass of projectiles plays an important role for the impact damage. In general, 
penetration depth increases with the mass of the projectile. Frew et al. (1998) 
found that the penetration depth increased about twice when the projectile mass 
increased from 0.48 kg to 1.62 kg.  Joosef (2002) found that an increase in the 
projectile mass from 0.91 kg to 6.28 kg increased the penetration depth by about 
1.5 times. The difference on the extent is probably related to the shape and size of 
the projectiles used. 
 
2.2.3 Velocity of Projectile 
Projectile velocity is another important factor for the impact damage. Over the 
years models have been developed that considers how material within a target 
behaves during penetration upon impact. The models are in general based on 
either a momentum balance or an energy-rate balance approach. In the former, the 
impact damage is related to the velocity of the projectile, whereas in the latter, the 
impact damage is related to the square of the projectile velocity. According to 
Walker (2001), integrated centerline momentum balance approach has produced 
good results for many impact conditions. However, it was not possible to use a 
“global” energy balance approach in order for the energy-rate balance method to 
work. For an energy-rate balance model to work, it is necessary to take into 
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account mechanisms of energy transfer between the projectile and target material. 
Since concrete is a brittle material, it must consider the transfer of energy from 
projectile into kinetic energy within the concrete and the energy dissipation due to 
deformation and cracking of concrete. Even though the initial kinetic energy of 
the projectile may be increased with the square of impact velocity, there is only a 
small increase in the penetration depth with increase in the square of velocity due 
to the loss of energy by energy transfer mechanisms (Walker 2001). Forrestal et al. 
(1996) found that the depth of penetration in concrete target increased with the 
striking velocity of the projectile. In a recent research, Zhang et al. (2005) found 
that the penetration depth increased almost linearly with impact velocity in the 
range from 250 to 650 m/s (Fig. 2.4a), but the crater diameter was relatively 
unaffected by the impact velocity. They used concrete target with a compressive 
strength of 90 MPa and projectiles of 15 gram and CRH of 2.5 for their 
experiment. Using their test results, a relationship between the penetration depth 
and square of the projectile velocity is shown in Fig. 2.4b. The results shown in 
Fig. 2.4b confirmed the point by Walker mentioned above.  
             
2.3 Factors of Concrete Specimens that Influence the Impact Resistance  
2.3.1   Thickness of the Target Concrete Specimen 
The impact damage of concrete when struck by projectiles depends on the 
thickness of a specimen with respect to the projectile size. A thin specimen will 
normally experience perforation in which the projectile passes through the whole 
specimen, whereas in a thicker specimen penetration will occur in which an 
indentation on the impact face is formed. If the specimen is sufficiently thick, no 
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scabbing will occur at the distal face of the specimen. Kumaran (1998) used 46-
mm and 55-mm thick concrete specimens for the perforation test and 200-mm 
thick specimen for penetration test. The velocity of projectile (15 gram and CRH 
of 2.5) ranged from 200 to 600 m/s. Chew (2003) used 50mm, 75mm, 100mm 
and 150mm thick concrete specimens to evaluate the minimum thickness of 
specimens for the penetration test without perforation and distal face scabbing. It 
was found that the 150-mm thick specimen was suitable for the penetration test 
with the projectile of 15 grams and CRH of 2.5 in a velocity range of 600 – 700 
m/s.  
    
2.3.2   Compressive Strength of Concrete 
            Even before the advancements in high strength concrete technology, effect of the 
compressive strength of concrete on resistance to the impact of high-velocity 
projectiles was investigated.   
            In a review by Clifton (1982) on the penetration resistance of concrete, some 
works referenced suggested that the crater volume produced when concrete is 
subjected to impact loading varies approximately inversely with the square root of 
the  compressive strength of concrete.  However, other works referenced by him 
showed a lack of correlation between the compressive strength and resistance of 
concrete when subjected to projectile impact (Moore and McNeill 1975). 
            Results from experiments by Hanchak et. al. (1992) on high strength concrete and 
normal strength concrete with unconfined compressive strengths of 140 and 48 
MPa, respectively, showed that a threefold increase in unconfined compressive 
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strength have a relatively minor improvement on the ballistic perforation 
performance, which is characterized by the residual velocities of the projectiles.  
At lower impact velocities, it was reported that the normal strength concrete 
specimens were perforated while the high strength concrete ones were not.  From 
the experimental results, it was also postulated that the penetration resistance in 
the crater regions is not sensitive to unconfined compressive strength.  
  
            In another experimental study on the response of high strength concrete to hard 
projectile impact by Dancygier and Yankelevsky (1996), it was observed that the 
penetration depth of the projectile was smaller in the high strength concrete 
specimens.  It was thus seen that the high compressive strength contributed to the 
enhanced resistance against dynamic punching action due to impact. Results from 
further work by Dancygier (1998) reiterated the above, and indicates that high 
strength concrete specimens have a higher perforation resistance. In other words, 
higher projectile impact velocities were required to cause perforation in high 
strength concrete. 
            In a research by Langberg and Markeset (1999) on concrete with compressive 
strengths of 30-200 MPa, it was found that the penetration resistance of high 
strength concrete was significantly better than that of normal strength concrete. 
However, increasing the cylinder strength of concrete beyond 150 MPa did not 
provide significant improvement in the penetration resistance.  
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           An experimental study on the impact resistance of high strength concrete by 
Zhang et al. (2005) used the concrete strength of 45 – 240 MPa with 
corresponding w/cm of 0.55-0.18. It was found that for plain concrete with a 
compressive strength of 115 MPa, the penetration depth and crater diameter were 
40% and 60% lower than those in concrete with a compressive strength of 45 
MPa, respectively. However, a further increase in the compressive strength by 
reducing the w/cm and eliminating the coarse aggregate did not result in further 
reduction in the penetration depth and crater diameter. They also found that 
increase in the curing temperature from 30°C to 250°C increased the compressive 
strength, but did not increase the impact resistance of concrete significantly.  
2.3.3  Tensile Strength of Concrete 
Tensile properties of concrete are often overlooked in structural uses of concrete.  
This is due to the fact that plain concrete has low tensile strength and strain 
capacity, thus experience brittle failure under tensile loads.  Tensile strength of 
concrete generally increases with the increase in compressive strength of concrete. 
However, with the increase in compressive strength, the ratio of tensile strength to 
compressive strength is reduced (Mindess 2003). The following formula between 
compressive and tensile strength of concrete is valid for concrete without fibres 
with compressive strength up to 83 MPa. 
                            
2/1'' 94.0 ct ff =                                                                            (2.1) 
                            Where, 'tf  is flexural tensile strength of concrete, 
                                         'cf  is compressive strength of concrete. 
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           The tensile properties of concrete play a significant role in crack initiation and 
propagation. Cracks develop and propagate in concrete where the tensile stresses 
exceed the tensile strength or tensile strain exceeds the tensile strain capacity.  
Thus the tensile strength should be considered as being closely associated with 
fracture of concrete and energy absorbed during fracture.  The energy absorbed 
during fracture, otherwise referred to as fracture energy or toughness, correspond 
to the area under the load-deflection curve.  It is a measure of the amount of 
energy that is required to open cracks in the material.              
According to Clifton (1982), impact strength is more closely related to tensile 
strength than to the compressive strength of concrete. Upon the projectile impact 
on concrete specimens, Chew (2003) suggested that the tensile strength of the 
concrete is an important material parameter controlling the crater size and crack 
propagation. 
 
2.3.4   Aggregate 
In normal strength concrete, aggregate is generally stronger than mortar matrix. 
Thus the compressive strength of the concrete is mainly controlled by the w/cm of 
the concrete. For normal-strength concrete, the aggregate parameters that are most 
important are the shape, texture, and maximum size. However, in high strength 
concrete, aggregate strength plays a much greater role and may control the 
compressive strength of the concrete.  
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Under load, greater stress concentration may develop in the interface transition 
zone between coarse aggregate and mortar matrix with the increase in the coarse 
aggregate size, and this will result in reduction in compressive strength. In 
contrast to the compressive strength, an increase in coarse aggregate size usually 
results in an increase in fracture energy due to the greater tendency toward crack 
bridging and the greater fracture path length as crack passes around the aggregate 
particles (Mindess 2003). 
 
Zhang et al. (2005) investigated the impact resistance of granite in comparison 
with that of concrete, and they found that the granite exhibited better impact 
resistance even compared with high-strength concrete. The penetration depth and 
crater diameter in granite specimens were three times smaller than that in ordinary 
concrete with a compressive strength of 45 MPa. Even compared with high 
strength concrete with a compressive strength of 115 MPa, the values were more 
than 1.5 times smaller. The front face damage of the granite specimen is shown in 
Fig.2.5 with no radial crack from the crater. 
 
Zhang et al. (2005) also found that the incorporation of coarse aggregate  
improved the impact resistance. Under the impact loading, the rapid increase in 
stresses in the concrete specimens will drive a large number of microcracks into 
rapid extension. Thus, the cracks might be forced to propagate through the coarse 
aggregate rather than around them. Since granite is formed form the solidification 
of molten rock matter either above or below the earth’s surface, aggregate derived 
from granite is generally stronger than the cement paste and the interfacial zone 
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between them. Crack propagation is thus reduced when coarse aggregate is 
present as it acts as barriers to crack propagation and effective energy absorbers.      
    
  2.3.5 Fibre Reinforcement 
           The earliest use of fibres to strengthen materials dates back to the ancient time 
when clay bricks were reinforced with straw.  Improvements in the tensile 
capacity of concrete have been observed from their use.  However, as fibres are 
discontinuous and are randomly distributed throughout the cementitious matrix, 
they are not as efficient as conventional reinforcing bars in withstanding tensile 
stress.  Thus, the main purpose of the inclusion of fibres in most applications is to 
aid the improvement of the energy absorption capacity of plain concrete (Bentur 
1990). The effectiveness of fibres in enhancing the mechanical properties of 
brittle cementitious matrix can be attributed to the following (Bentur and Mindess 
1990): 
        1. the process by which the load is transferred from the matrix to the fibres, 
        2. the bridging effect of the fibres across propagating cracks in matrix.  
  
            Before any cracking has taken place, elastic stress transfer is the dominating 
mechanism to be considered for predicting the limit of proportionality and the 
first crack stress of a composite.  The shear stress developed at the interface 
distributes the external load between the fibres and the matrix in accordance to 
their respective elastic moduli.  Thus the displacement of fibres and matrix at the 
interface remain geometrically compatible.   
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           At higher load levels, when the fibre-matrix shear bond strength is exceeded, 
debonding at the interface occurs.  Relative displacements take place between the 
two components and frictional stress develops across the debonded zone.  This 
frictional stress is a form of shear stress and is normally assumed to be uniformly 
distributed along the fibre-matrix interface.  Thus, the process controlling the 
stress transfer becomes one of frictional slip.  The mechanical properties of the 
composite at this stage are, to a great extent, controlled by this mode of stress 
transfer.  It should be noted that the transition from the elastic stress transfer to the 
frictional stress transfer is a gradual process during which both types of 
mechanisms are effective.   
           When the tensile strength of the cement matrix is higher than the fibre-matrix 
shear bond strength, debonding is likely to occur prior to matrix cracking and the 
stress transfer mechanism as discussed above are applicable.  If the tensile 
strength of the concrete matrix is lower than the fibre-matrix shear bond strength, 
the matrix is likely to crack before the debonding.  Thus the fibre debonding in 
this case may be considered as the interaction of an advancing crack and a fibre 
placed in its path and hence assumes a different nature.   
            In the presence of cracks, the matrix tends to extend more than the fibres under 
tensile load due to the stress concentrations just ahead of the crack tip.  However, 
the fibres resist this extension through interfacial shear bond stresses.  The shear 
bond stress distribution along the fibre (as shown in Fig 2.6) creates a ‘pinching 
effect’, which reduces the stress intensity factor of the crack.  Thus a much higher 
applied stress is required to produce a stress field ahead of the crack tip such that 
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the maximum stress exceeds the critical stress intensity factor of the cement 
matrix.   
 
           Upon the onset of the first crack, the role of the fibre serves to arrest the unstable 
crack propagation, otherwise referred to as crack stabilization.  There are various 
mechanisms of stress transfer across an idealized crack as shown in Fig 2.7.                    
            In the ‘fibre-bridging’ zone, stresses are transferred by frictional slip while in the 
‘matrix process’ zone, matrix continuity and aggregate interlock aids in the 
transfer of stresses. The analysis of the combination of these effects is simplified 
by considering only the traction free crack surface subjected to a closing pressure 
as shown in Fig 2.8. 
For the transfer of stresses, fibre length is an important factor. A critical length 
parameter, lc, can be defined as the minimum fibre length above which the fibre 
will fracture rather than pull out when a crack intersects the fibre at its mid point. 
If the fibre length is less than the critical length, the fibre strength is not fully 
utilized. Increase in the fiber length below the critical value lc is accompanied by 
an improvement in the load bearing capacity of the fibres, and this enhances their 
strength efficiency. From the toughness point of view, the maximum toughness is 
obtained when length of fibre is equal to lc. When the length increases beyond the 
critical length lc, fibres break rather than pull out, and the energy consumed in 
failure is reduced, leading to a more brittle composite (Bentur 1990). In addition 
to that, the incorporation of longer fibres also results in lower workability of fresh 
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concrete. This affects the consolidation and thus density of concrete which may 
lead to lower compressive strength of concrete. 
For the fibre reinforced composite, fibre orientation is also an important 
consideration. If a fibre is oriented at an angle with the loading direction rather 
than aligned parallel to the load as shown in Fig 2.9, the fibre is susceptible to 
bending locally around the crack which induces flexural stresses in the fibre and 
compressive stresses in the matrix. This may cause larger crack or greater damage 
in the composite (Bentur 1990).  
            Fibres commonly used in fibre-reinforced concrete are those made from Steel, 
Polypropylene and Polyethylene, etc. Typical properties of these fibres are given 
in Table   2.1.  
 
2.3.5.1 Steel Fibres 
            Steel fibres have been used in concrete for many years. The early fibres were 
round and smooth and the wire was cut or chopped to the required lengths. 
Nowadays fibres with rough surfaces, hooked ends, or crimped ends are available. 
Typically steel fibres have equivalent diameters (based on cross sectional area) 
from 0.15 to 2 mm and lengths from 6 to 75 mm. Aspect ratios generally range 
from 20 to 100. Aspect ratio is defined as the ratio between fibre length and its 
equivalent diameter, which is the diameter of a circle with an area equal to the 
cross-sectional area of the fibre. 
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            Carbon steels are most commonly used to produce fibres but fibres made from 
corrosion-resistant alloys are available. Stainless steel fibres have been used for 
high-temperature applications (Bentur 1990). Some fibres are collated into 
bundles using water-soluble glue to facilitate handling and mixing. Steel fibres 
generally have high tensile strength, modulus of elasticity, and low creep at 
ambient temperatures (Bentur 1990). 
            Steel fibres have been used in conventional concrete mixes, shotcrete, and slurry-
infiltrated fibre-reinforced concrete. Typically, content of steel fibres ranges from 
0.25 to 2.0% by concrete volume. Fibre contents in excess of 2% by volume of 
concrete generally result in poor workability and fibre distribution. Steel-fibre-
reinforced concrete containing up to 1.5% fibre by volume has been pumped 
successfully using pipelines of 125 to 150 mm diameter. Steel fibre contents up to 
2% by volume have been used in shotcrete applications by both wet and dry 
processes. Steel fibre contents up to 25% by volume have been obtained in slurry-
infiltrated fibre concrete (Bentur 1990).   
            Incorporation of steel fibres in concrete generally improves the resistance of 
concrete to impact and also increase its ductility at failure in compression, flexure, 
and torsion. However, it is reported that the elastic modulus in compression and 
modulus of rigidity in torsion of fibre-reinforced concrete are not different from 
plain concrete tested under similar conditions before cracking (Beaudoin 1990). 
Fatigue resistance of the fibre-reinforced concrete is reported to be increased by 
up to 70% compared with plain concrete (Beaudoin 1990). 
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2.3.5.2 Polypropylene Fibres 
            Polypropylene belongs to the polyolefin family of chemicals. The polypropylene 
fibres are hydrophobic and do not absorb water. The polypropylene fibres have 
excellent resistance against alkalis, chemicals and chloride, and have low heat 
conductivity (Aulia 2002). 
            The polypropylene fibres are manufactured by pulling wires through circular 
cross-sectional moulds. They appear as fibrillated bundles and these fibre bundles 
are cut into specified lengths (Aulia 2002). The melting point of the 
polypropylene fibres is ~160°C which is relatively low.  The tensile strength of 
polypropylene fibre is lower than that of other fibres such as steel and 
polyethylene.  
           Polypropylene fibres have been used in high strength concrete in offshore oil 
platform for fire resistance purpose (Phan 2000). Generally, high strength 
concrete has low permeability which may make the concrete more susceptible to 
fire. During fire the temperature of concrete increases rapidly and extremely high 
water vapor pressure may be generated inside the concrete which may not be able 
to escape because of the high density of the concrete. This pressure may reach the 
saturation vapor pressure which at 300°C is about 8 MPa (Kodur 1999). Such 
internal pressures are often too high to be resisted by the high strength concrete, 
and may cause spalling and cracking of concrete (Aulia 2002). By melting at a 
relatively low temperature of ~160°C, the polypropylene fibres added in the 
concrete create “channels” for the pressure in concrete to escape, thus prevent 
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cracking and spalling. Kodur (1999) showed that the amount of polypropylene 
fibres needed to minimize spalling is about 0.1 to 0.25% by volume of concrete.  
2.3.5.3 Polyethylene Fibres 
            Polyethylene fibres are synthetic fibres. One of the advantages of polyethylene is 
that it can be produced in a high density form, leading to fibres with a relatively 
high modulus of elasticity and high tensile strength (up to 2400 MPa). Some of 
the polyethylene fibres considered for cement reinforcement have a modulus of 
elasticity lower than that of cement paste matrix, while others have higher 
modulus up to 70 GPa (Bentur 1990). 
          When composites with 4% short, dispersed polyethylene fibres were compared 
with those with the same form and amount of polypropylene fibers, it was found 
that the first cracking strength and failure strength for the polyethylene fiber 
reinforced composites were greater than those of polypropylene fiber reinforced 
composites (Beaudoin 1990).  
 
2.3.5.4 Impact Resistance of Fibre-Reinforced Concrete 
            Though there are numerous types of fibres available, steel fibres are the most 
commonly used ones. Their common use is based on the considerations of costs, 
availability, stability at high temperatures, as well as overall improvement in 
mechanical properties. 
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            Clifton (1982) reported in his review that investigations by Williamson (1966) on 
concretes subjected to explosives showed that the inclusion of fibres increased the 
shatter resistance of concrete with an 80% reduction in fragmentation and a 20% 
decrease in velocities of ejected fragments. Naus and Williamson (1976) 
qualitatively demonstrated that fibre-reinforced concrete was more resistant to 
penetration and to repeated impacts by small projectiles than plain concrete.    
 
            Experimental results of fibre-reinforced concretes subjected to high velocity 
projectile impacts by Anderson et al. (1984) indicates that the penetration 
resistance of concrete, measured in terms of the penetration depth, is not greatly 
influenced by the fibre type (steel, polypropylene, or Aramid fibres), and by fibre 
content within a practical range.  However, the results showed that greater fibre 
contents in the concrete leads to smaller crater volumes.  Ramakrishnan et al. 
(1979) observed that the incorporation of one type of fibres with hooked ends 
increased shotcrete resistance by over 500 % in low velocity impact (by a 4.5 kg 
hammer falling 46 cm) compared to plain shotcrete. An increase in impact 
resistance of around 200 % was obtained using the hooked-end fibres in concrete 
compared to straight fibres (Clifton 1982).   
            A study of high velocity projectile impact on Slurry Infiltrated Fibre Concrete 
(SIFCON) by Anderson et al. (1992) shows that the incorporation of fibres 
reduces spalling and scab damage.  It was also observed that the gravel used in the 
concrete was effective in preventing perforation of the specimens.  Hence, it was 
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suggested that a composite containing both gravel and fibres might provide an 
optimum solution to reduce overall impact damage.   
            Dancygier and Yankelevsky (1996) observed a reduced brittleness of high 
strength concrete with steel fibres under impact. A comparison of crater 
dimensions between the fibre-reinforced and plain concrete indicates that the 
fibres tend to arrest crack development and thus minimize the size of damaged 
area.   
Conclusions drawn from an experimental study on impact penetration by O’Neil 
et al. (1999) reiterated some key points mentioned by Anderson, Watson, and 
Armstrong (1984) as well as Dancygier and Yankelevsky (1996) that the 
incorporation of fibres does not significantly reduce the penetration depth of a 
given strength of concrete, though it does reduce the visible damage.  
 
2.3.6  Mechanical Properties of Concrete under Dynamic Loading 
            Majority of tests to determine the mechanical properties are performed under 
static loading conditions. Due to large variability of results when concrete is 
tested under dynamic loading conditions and higher complexity of tests involved, 
little progress has been made in determining the dynamic mechanical properties 
of concrete.   
            In his review, Clifton (1982) considered the dynamic mechanical properties of 
concrete to be more important than the static properties in controlling the impact 
resistance of concrete.  This is because the dynamic mechanical properties of 
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concrete are known to be strain rate dependent, and increase with the strain rate. 
For example, the tensile strength of unreinforced and reinforced concrete was 
reported to increase by four to five times when the loading rate was raised from 
0.028 MPa/s to around 2.8×105 MPa/s (Clifton 1982). The dynamic compressive 
strength of concrete has been reported to be 1.3 - 2 times that of the static value 
and the dynamic modulus to be 1.5 times the static value. The impact resistance of 
concrete was observed to increase with the loading rate (Clifton 1982). Cadoni 
(2001) have also stated that the dynamic tensile strength appears to be an 
important property in controlling the impact resistance of concrete to scabbing 
and internal fracture by stress wave propagation. 
 
2.4   Numerical Equations for Predicting the Penetration Depth 
 
            Penetration and perforation of reinforced and plain concrete targets by non-
deformable projectiles have been investigated extensively for both civil and 
military applications. Based on available test data, empirical equations have been 
developed and proposed to predict the local effects, e.g. penetration depth, 
perforation limit, and scabbing limit. In this section, only penetration depth is 
discussed.  
 
            Empirical equations on the penetration depth in a thick concrete target specimens 
and test data used to derive these equations were reviewed by Kennedy (1976). 
The review covered most of the test data in the US and Europe till 1970s. Sliter 
(1980) compiled a data set from tests with impact velocities between 27 and 312 
m/s and assessed published empirical equations on concrete impact. Sliter 
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concluded that the accuracy of impact parameter prediction by the empirical 
equations was dependent on velocity range and deformability of projectiles. 
Comparison between various empirical equations and published test data was 
conducted by Williams (1994) and he found that equation proposed by U.K. 
Atomic Energy Authority (UKAEA) provides better estimation of penetration 
than equations of US National Defense Research Committee (NDRC)and Hughes. 
Recently Yankelevsky (1997) discussed various proposed equations on the 
penetration depth.  The most commonly used equations are the US Army Corps of 
Engineers equation (ACE), the UKAEA equation, the NDRC equation, Haldar’s 
equation and the Ammann and Whitney equation (Li  2003).  
 
All the empirical equations mentioned above are applicable only to non-
deformable projectiles and targets, and are for normal impact. The angle of strike 
has a substantial influence on the penetration depth. When an impact projectile 
strikes normal to the target face, local effect is maximized. These equations are 
discussed below, and some of the common parameters are defined as follows: 
                 Pd = penetration depth (m) 
                 d = projectile diameter (m) 
                 M = projectile mass (kg) 
                 'cf = ultimate compressive strength of concrete (Pa) 
                 VI = impact velocity (m/s) 
      N = projectile shape factor; 1.14 for sharp projectile. 
 













Id                                                                  (2.2) 
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This equation is based on statistical fitting of experimental data. The penetration 
tests were done for the concrete with strength up to 50 MPa and projectiles 
velocities up to 200 m/s. When extrapolated beyond these limits this equation may 
lead to error.  
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−×=                                                                      (2.3.c) 
=G  Impact function. 
 
A non-deformable projectile penetrating a massive reinforced concrete target is 
the basic condition for the NDRC equations. Like the other equations, the 
penetration depth is taken as a function of the concrete compressive strength. The 
size of aggregate and the amount of reinforcing steel are not considered. The 
equations were developed using information on the penetration depth by small 
diameter and light weight projectiles and impact velocities from 152 to 500 m/s. 
The NDRC equations are not dimensionally homogeneous, i.e., the left side of the 
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MNVI =                                                                                          (2.4.a) 
where 
=I  Impact function. 
I
d
Pd 25251.00308.0 +−=  for 43.0 ≤≤ I                                          (2.4.b) 
I
d
Pd 0567.06740.0 +=  for 214 ≤< I                                               (2.4.c)   
I
d
Pd 0299.01875.1 +=  for 45521 ≤< I                                            (2.4.d) 
 
 
A nondimensional impact factor, I, was introduced to improve the predictability 
of these equations on the penetration depth. These equations are dimensionally 
homogeneous and are used to predict the penetration depths for all types of 
projectiles whereas the NDRC equations predict the penetration depths for bullets 
or small missiles (Haldar 1984). 
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−×=                                                                      (2.5.d) 
 
Based on a comprehensive experimental study, the United Kingdom Atomic 
Energy Authority proposed this set of empirical equations for the calculation of 
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the penetration depth. The normalized penetration depth of a solid projectile into a 
reinforced concrete target with sufficient thickness to suffer no scabbing can be 
estimated from the equations.  
 
 












    for  smVI /300>                                      (2.6) 
 
This equation is intended to predict the penetration of small explosively generated 
fragments traveling over 300 m/s. This equation is not intended for use with lower 
velocity projectile impact. 
 













I=                                                                                            (2.7.b) 
 
where  
NH = nose shape factor, 1.39 for sharp projectile 
'
tf  = maximum tensile strength 
 
In this equation a dimensionless impact parameter, I, is used which is very similar 
to that used in the Haldar’s equations. This equation is valid so long as no distal 
face scabbing or perforation of the target occurs and it is valid for lightly 
reinforced targets. This equation was developed based on a physical model to 
make it a general solution of the penetration. 
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2.4.7   Limitations and Shortcomings of the Above Equations 
 
            There are some limitations and shortcomings in the above mentioned equations. 
First, most of the empirical equations are not dimensionally homogeneous, 
leading to a disadvantage of unit dependency (Yankelevsky 1997). This makes it 
difficult to identify important physical quantities in a given empirical equation. 
There are a few exceptions, e.g., Haldar equation (Haldar 1984) and Hughes 
equation (Williams 1994) which are unit independent. 
 
            Second, nose shape factor in some empirical equations is not unique. For example, 
in the NDRC and relevant equations, the nose shape factor NN is defined as 0.72 
for flat nose, 0.84 for blunt nose, 1.0 for spherical nose and 1.14 for sharp nose. In 
Hughes equation, the nose shape coefficient NH is chosen as 1.0, 1.12, 1.26 and 
1.39 for a flat, blunt, spherical and sharp nose, respectively (Li 2003). 
 
            Thirdly, most of the published empirical equations are valid for penetration depth 
in the range up to 500 m/s. 
 
            Recently, systematic studies on penetration of concrete with ogive-nosed 
projectiles have been conducted by Forrestal et al. (1994) and Li and Chen (2003), 
which covered a broad range of concrete strengths with impact velocities up to 
1000 m/s until nose erosion becomes excessive. Equations were developed from 
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  2.4.8  Forrestal and Li Equations 
Equations 2.7 to 2.9 are a series equations originally proposed by Forrestal et al. 
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                          Pd  is penetration depth 
                         N    is the geometry function of the projectile 
                         I     is the impact function 
                        d     is the diameter of the projectile 
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λ = 3.dM cρ                                                                                      (2.8.d) 
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                         where: 
                                             M      is the mass of projectile, 
                                             cρ      is the density of concrete target, 
                                              d       is the diameter of the projectile 
                                             cf ′      is the concrete compressive strength 
                                              V       is the impact velocity 
                                              ψ      is the CRH of the projectile 
                                              S       is the empirical constant of a concrete target 
                                              ∗N    is the nose factor of projectile 
                                               ∗I     is an impact factor, a dimensionless number 
 
            Here, S is an empirical parameter that depends on the unconfined compressive 
strength of concrete target. The parameter S is independent of the projectile 
parameters and impact velocity (Forrestal 1994), and is calculated according to 
Equations 2.8 f & g.  The average value of S for each set of data with the same 
concrete strength is used to establish an empirical S - cf ′  curve. The curve could 
then be used to predict the penetration depth of concrete within the scope of the 
curve. Based on the experimental results, the dependence of S on cf ′  was 
formulated by Forrestal et. al. as: 
                      S  = 82.6 cf ′ -0.544         (Forrestal 1994)                                                (2.9) 
                   Where: 
                        cf ′  is compressive strength in MPa. 
 
Li and Chen (2003) proposed an alternative equation for S as shown in Eq. 2.10   
   
  
                      S =72.0 cf ′ -0.5            (Li 2003)                                                          (2.10) 
 
  The equations are based on a cavity-expansion penetration model (Forrestal 1988). 
Three impact factors were studied, i.e., the impact function I, the geometry 
function of projectile N, and an empirical parameter of a concrete target S. These 
dimensionless equations are valid for the penetration depths with impact 
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velocities from low of ~100 m/s to high of 1000 m/s. According to their 
observation on projectile impact, the impact damage of a concrete target consists 
of a conical crater with depth kd followed by a tunnel with a diameter the same as 
the projectile shank diameter d. The deepest point of the concrete damage was in 
the bottom of the tunnel. For that reason the equations considered the sum of the 
crater depth and tunnel depth as the penetration depth for the projectile impact. 
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Density (Kg/m3) 7860 910 970 
Tensile Strength 
(MPa) 2600 25-40 2400 
MOE (GPa) 200 3.5-4.8 66 
Melting 
Temperature  
in º C 
1400-1420 ≥ 160 165 
Working Temp. 
in º C -- -- 55-95 
Price 
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                                  Fig. 2.2: Propagation of Stress Waves (Clifton 1982) 
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                Fig.2.4: Effect of the (a) Impact Velocity (b) Square of Impact Velocity on 
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                      Fig.2.6: Shear Bond Stress Distribution on a Fibre in the Path of an Advancing   
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                Fig. 2.7: Idealized Representation of an Advancing Crack and Surrounding 
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CHAPTER 3  EXPERIMENTAL DETAILS 
 
3.1     Materials 
The materials used in the present study and their essential properties are 
discussed in the following subsections. 
 
 3.1.1  Cement 
In this study, ASTM Type Ι cement was used in most of the mixes. Concrete 
specimens with coarse aggregates were prepared using this cement. For 
preparing the concrete specimens without coarse aggregates, Sulphate 
Resistant Cement (SRC) with a low C3A content was used to reduce the 
adsorption of superplasticizer (SP) by cement. The chemical composition and 
physical properties of these two cements are given in Table 3.1. Cement 
compounds were calculated based on Bogue’s equations as given in ASTM 
C150-94. 
 
3.1.2  Silica Fume 
Undensified silica fume (SF) was used for concrete mixtures with 28-day 
compressive strength ≥ ~90 MPa. It was dry powder with about 92% SiO2 and 
had a specific gravity of 2.14.  
 
3.1. 3 Aggregates 
3.1.3.1 Coarse Aggreagates 
           Crushed granite was used as coarse aggregate in this study. The maximum 
aggregate sizes were 10 mm or 20 mm with a specific gravity of 2.65. 
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3.1.3.2 Fine Aggregates   
            A total of 4 types of fine aggregates: natural sand, quartz grains, granite, and 
silicon carbide (SiC), were used in this study. 
 
            Natural sand with a specific gravity of 2.70 and a fineness modulus of 2.86 
was used for all the concrete mixtures with coarse aggregates. Quartz sand 
with four fractions, F4 (0.15mm–0.30mm), F3 (0.30mm–0.60mm), F2 
(0.60mm–1.18 mm) and F1 (1.18mm–2.36mm) was used for the remaining 
mixtures. The specific gravity of the quartz sand was 2.65. 
 
            Five-mm granite with a specific gravity of 2.65 was used in one concrete mix 
(2GRF). Silicon carbide aggregate used in one mix was in 2-5 mm size and its 
specific gravity was 3.07.  
    
Grading combinations of the various aggregates were done to achieve good 
workability and dense packing with available aggregate sizes. The method 
proposed by Dreux (1970) was used in the quartz sand based mixes. The sieve 
analyses of the coarse and fine aggregates are given in Tables 3.2 and 3.3, 
respectively. The combined grading curves of the aggregates for different 
concrete mixtures are given in Fig. 3.1.   
                       
3.1.4 Superplasticizer 
A naphthalene based superplasticizer (SP)1 with a solid content of 40% and a 
specific gravity of 1.2 was used in all concrete with coarse aggregates for 
workability purpose. In the concrete without coarse aggregates, a 
                                                 
1 Darex Super 20, W.R. Grace Co. Ltd 
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polycarboxylate based superplasticizer1 was used which had a specific gravity 
of 1.05 and a solid content of 23.5%.  
 
 3.1.5   Fibres  
            Three different types of fibres were used in this research. Straight steel fibres2 
with a length of 13 mm and a diameter of 0.20 mm were used for most of 
fibre-reinforced concrete mixtures. Steel fibres made from the same material 
but with a length of 25 mm were used in one concrete mix for comparison. 
The steel fibres had a tensile strength of 2600 MPa and an elastic modulus of 
200 GPa. Polypropylene fibres3 with a tensile strength of 30 MPa and an 
elastic modulus of 4 GPa and polyethylene fibres4 with a tensile strength of 
2400 MPa and an elastic modulus of 66 GPa were also used for comparison. 
Both the polypropylene and polyethylene fibres had the same length of 13 mm. 
The polypropylene fibres had a diameter of 0.015 mm and a specific gravity of 
0.91. The polyethylene fibres had a diameter of 0.039 mm and a specific 
gravity of 0.97.       
 
 3.2     Mix Proportions  
The mix proportions of concrete are given in Table 3.4. A total of 17 mixes 
were designed and tested in order to evaluate the effects of content, type, and 
length of the fibres, concrete strengths, dynamic modulus of elasticity, and 
aggregate on the impact resistance of concrete. One mix (QFF) from Chew 
(2003) was included for comparison. These mixes consisted of plain and fibre-
reinforced concrete, normal and high-strength concrete, and silicon carbide 
                                                 
1 ADVA 105, W.R. Grace Co. Ltd 
2 Bekaert One Steel Fibres Dramix OL 13/.20 
3 Polymer Technology Pte Ltd 
4 Spectra fiber, Honeywell International 
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based fibre-reinforced composite. The water-to-cementitious material ratio 
(w/cm) of the concrete ranged from 0.23 to 0.55 and the corresponding 
compressive strength ranged from about 210 to 45 MPa.  
 
The fibres made from steel, polypropylene, and polyethylene were included in 
this study. The content of the steel fibres ranged from 0 to 1.5% by volume of 
concrete. Most of the fibre-reinforced concrete mixtures incorporated fibres 
with a length of 13 mm except for one mix which incorporated steel fibres 
with a length of 25 mm. Silica fume was added to improve the density and 
strength of concrete. Dosages of superplasticizer were adjusted according to 
the workability requirements of concrete.  
 
3.3    Specimen Preparation 
 3.3.1 Mixing Procedures 
The mixing was carried out to make concrete as homogeneous as possible. All 
the concrete specimens with coarse aggregates were mixed using a pan mixer. 
The cement, sand, and coarse aggregates were first mixed in dry conditions 
and then fibres were added slowly. Finally water and superplasticizers were 
added. Mixing time after the addition of water was about 5-7 minutes. The 
slump was controlled at 50 to 100 mm for the concrete without fibres, and 
Vebe time of 8 to 12 seconds was controlled for the fibre-reinforced concrete. 
 
All the concrete specimens without coarse aggregates were mixed using a 
Hobart mixer as shown in Fig. 3.2. The dry powders were mixed for 2-3 
minutes at a low speed followed by mixing with water and SP for another 6-7 
minutes at a high speed to obtain the paste (w/cm ≈ 0.23). Fine aggregates 
were then added and mixed for 2-3 minutes (low speed). Finally, steel fibres 
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were added and mixed for another 2-3 minutes. Total mixing time was about 
12-15 minutes.  
                                        
3.3.2   Specimen  
Concrete specimens with a size of 300×170 mm and a thickness of 150 mm 
were prepared for impact test in this study. The selection of the size was based 
on the work by Chew (2003) discussed in Section 2.3.1. In addition three 100 
mm cubes and three 400×100×100 mm prisms were cast for concrete with 
coarse aggregates.  The cubes were used to determine the compressive 
strength and the prisms were used to determine the flexural tensile strength (ft) 
and dynamic modulus of elasticity (Ed) at the day of the impact test.  The 
impact tests were carried out at the age of 28±1 days. 
  
Due to the limitation in the capacity of the Hobart mixer, each specimen for 
impact test had to be cast from an individual batch for concrete without coarse 
aggregates. Three 50 mm cubes and three 160×40×40 mm prisms were cast to 
determine the compressive strength and dynamic modulus of elasticity / 
flexural tensile strength for each batch, respectively.  
3.3.3   Curing Regime 
After demould at 24 hours, concrete specimens were cured in a moist room at 
~ 30°C for 6 days. Subsequently, the specimens were left in laboratory air 
until the time of testing. The 7-day moisture curing was adopted to simulate 
conditions at job sites. 
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3.4    Testing 
3.4.1  Workability 
           For concrete specimens with coarse aggregates, slump test and Vebe time test 
were carried out for measuring the workability of plain concrete and fibre- 
reinforced concrete, respectively. These two tests were carried out in 
accordance with BS 1881: Part 102 and Part 104, respectively. No workability 
test was carried out for the mixtures without coarse aggregates due to the 
volume limitation of the Hobart Mixer. However, effort was made to ensure 
the compaction of these concretes. 
  3.4.2  Density 
            Density of the cubes were measured after the demoulding of the specimens at 
18 to 24 hrs after casting. The weight of the specimens were determined in air 
and in water. The density was calculated by dividing the weight of the 
specimen in air by the volume of the specimen which was calculated by the 
difference of the weights of the specimen in air and in water.  
   3.4.3  Compressive Strength 
             The 28-day compressive strength was obtained for all concrete mixes. The 
compressive strength test was done in accordance with BS 1881: Part 116: 
1983 and ASTM C109/C 109M-01 for the specimens with and without coarse 
aggregates, respectively. Denison Compression machine with a maximum load 
of 3000 kN was used for the test. For the 100-mm cubes, the loading rate was 
controlled at 200 kN/min. According to BS 1881: Part 116: 1983, the loading 
rate should be 120-240 kN/min. For the 50-mm cubes, the loading rate was 
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controlled at 100 kN/min. ASTM C109 specifies a loading rate of 900-1800 
N/s, which equals to 54-108 kN/min.  
 3.4.4  Flexural Tensile Strength 
                 The flexural tensile strength (ft) or the modulus of rupture (R) was determined 
in accordance with BS 1881: Part 118: 1983 for the concrete specimens with 
coarse aggregates (400 × 100 ×100 mm prisms) using the Denison Machine. 
Loading rate was controlled at 12 kN/min for the above mentioned prism 
which was equivalent to 0.06 N/mm2/s. BS 1881 specifies a loading rate of 
0.02-0.10 N/mm2/s.  For the concrete specimens without coarse aggregates 
(160 × 40 × 40 mm prisms), the flexural strength test was done in accordance 
with BS EN 1015-11: 1999. The specimens were tested on Instron Actuator I, 
with a stroke of ±75 mm and maximum load of 500 kN. Loading rate was at 
0.2 mm/min.  
3.4.5 Dynamic Modulus of Elasticity  
                 The dynamic modulus of elasticity was determined according to ASTM C215-
97 for both types of concrete specimens. The longitudinal force resonant 
frequency for the concrete with coarse aggregates and longitudinal impact 
resonant frequency for the concrete without coarse aggregates were obtained 
and the dynamic modulus of elasticity was then calculated. The dynamic 
modulus of elasticity and flexural strength were obtained at 28 ± 1 days. The 
resonant frequency is dependent on the direction of impact or force, support 
conditions, and specimen mass and geometry. As this is a non-destructive test, 
it was done before the flexural strength test. 
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  3.4.6 Impact Resistance 
The experimental arrangement for projectile impact tests is shown in Fig. 3.3. 
A gas gun as shown in Fig. 3.4 with a 12.7 mm bore was used. The maximum 
attainable projectile impact velocity was largely dependent on its mass. In this 
investigation, ogive-nosed projectiles with a caliber radius head of 2.5 and a 
diameter of 12.6 mm (Fig. 3.5) were used. The length of the projectile shaft 
was such that the projectile weighed approximately 15 grams. They were 
propelled by compressed helium at a pressure of about 150-190 bars to 
achieve impact velocities of ~600 to 700 m/s. The projectiles were fabricated 
from ASSAB grade 8407 supreme tool steel and hardened to 50 Rockwell 
Hardness Constant. After each test, the projectile was examined visually and 
no damage was observed. However, to ensure consistency in testing, a new 
projectile was used for each test.  
 
Each test specimen was placed in a containment jig as shown in Fig. 3.6, and 
aligned such that the projectile would hit the center of the specimen. The 
specimens had to be fully contained (Fig. 3.7) to reduce the amount of debris 
generated after each test. Due to the small size of the projectile, the extent of 
damage caused by the impact, defined by the penetration depth and crater 
diameter, depended on whether the projectile struck the coarse aggregate or 
mortar. Therefore, in most cases, three specimens were used in the testing of 
each concrete mixture and the average of the results obtained was calculated. 
To prevent movement of the specimen during impact, two aluminum blocks 
were placed against the distal face of the specimen (see Fig. 3.6).  
 
Impact velocity was measured using a pair of graphite rods placed sequentially 
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in the trajectory of the projectile just before it struck the specimen. The 
graphite rods formed part of two electrical circuits that were connected to an 
oscilloscope. Sequential breakage of the rods by the projectile generated 
voltage changes that were recorded. By relating the time interval between the 
voltage changes and the distance between the rods, the impact velocity of the 
projectile could be calculated.  
 
The magnitude of the impact damage induced in the concrete specimens was 
evaluated from the average crater diameter, maximum penetration depth and 
degree of crack propagation in the specimens. The average crater diameter was 
determined by taking the average of four measurements as shown in Fig. 3.8. 
Penetration depth was determined by measuring the distance from the impact 
surface to the deepest point in the crater. The degree of crack propagation was 
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 Table 3.1: Chemical Composition of the Cements Used 
 
 
                       1: Data provided by Lafarge Cement. 
 
 
                     Table 3.2: Sieve Analyses of Coarse Aggregates 
% Passing 
Sieve Size,  
mm Coarse Agg. 
(Max. 20 mm) 
Coarse Agg.  
(Max. 10 mm) 
25.0   100.0 100.0 
19.0   80.3 100.0 
 12.50   36.2 100.0 
9.50   16.0 95.9 
    4.75   0.8 1.8 
   2.36   0.4      0.2 
   1.18   0.3      0.3 
0.60   0.3      0.1 
0.30   0.3      0.1 
0.15   0.2      0.1 














CaO 63.8 67.2 
SiO2 20.7 14.1 
Al2O3 4.2 2.2 
Fe2O3 3.4 8.6 
SO3 1.2 2.3 
MgO 5.6 0.5 
Loss on Ignition 1.4 1.4 
C3S 65.9 - 
C2S 9.6 - 
C3A 5.4 6.51 
C4AF 10.4 - 
Fineness (m2/kg) 344 358 
Specific Gravity 3.15 3.15 
CHAPTER 3  EXPERIMENTAL DETAILS 
             49
 



















Granite Silicon Carbide 
9.50 100.0     -- -- -- -- 100.0 100.0 
4.75      97.6     --     --     --     -- 98.8 93.7 
2.36      91.4 100.0 100.0     --     --    58.7    8.7 
1.18      70.7      1.4     99.9 100.0     --     27.5    0.4 
0.85       50.3      0.9     43.1    89.4     --     21.0    0.0 
0.60       37.3      0.5      0.1     81.3     --     14.2    0.0 
0.43       25.4      0.4      0.0     35.5     --     10.3    0.0 
0.30       13.8      0.3      0.0      2.7 100.0     6.4    0.0 
0.25       10.5      0.2      0.0      1.8    50.6     3.8    0.0 
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Table 3.4 - Mix proportions of Concrete Mixtures 



































2NC90 0 - - 428 48 162 1000 750 - 7* 
2NCF90ST-0.5 0.5 428 48 162 1000 737 39 7* 















   
Type Ι 
 428 48 161 1000 710 118 9* 
2NCF90ST Steel 428 48 162 1000 723 79 7* 




Polyethylene 428 48 161 1000 723 9.7 10* 
2NCF90STPP 
0.35

















428 48 162 1000 723 59 + 2.3 8* 
2NCF90-13 13 428 48 162 1000 723 79 7* 
2NCF90-25 
0.35 1.0 Steel 
25 
Granite/20 Natural Type Ι  428 48 161 1000 723 79 10* 
2NC40 0 - - 350 - 193 1075 745 - - 
2NCF40 
0.55
1.0 Steel  13 350 - 193 1075 718 79 - 
2NC60 0 - - 428 - 193 1058 671 - - 
2NCF60 0.45 1.0 Steel 13 428 - 193 1058 644 79 - 
2NC90 0 - - 428 48 162 1000 750 - 7* 




428 48 162 1000 723 79 7* 
2NC120 0 - - 450 50 145 1000 773 - 10* 















450 50 145 1000 746 79 10* 
QFF1 1.5 Steel 13 Quartz 704 176 185 -- 1300 118    18** 




556 139 145 -- 673+886 118    14** 
2SCF 
0.23













556 139 145 -- 673+1027 118     14** 
* Naphthalene based,  **  Poly-Carboxylate based 
 1 Mix proportions from Chew (2003).   
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The symbols of various mixes in the Table 3.4 are represented in the following way: 
  
 
2 NCF 90 ST – 1.0 
 
                                                 Fibre content by volume of concrete. 
                                                  
                                                Fibre type, ST- steel, PP- polypropylene, PE- polyethylene. 
 
                                                       Design strength for concrete matrix in MPa. 
     Type of Concrete 
      NC – Plain concrete 
      NCF - Fibre-reinforced concrete 
      QFF – Steel fibre-reinforced concrete containing Quartz sand. 
      GRF – Steel fibre-reinforced concrete containing 5 mm granite aggregate. 
      SCF – Steel fibre-reinforced concrete containing 5 mm silicon carbide aggregate.         
                                                                                      
                                                  



































Granite Aggr : 60%
Sand            : 40% 
 
Fig. 3.1.a: Combined Grading Curve of 20 mm Aggregate and Natural Sand for    























Granite Aggr : 62%
  Sand           : 38%
 
Fig. 3.1.b: Combined Grading Curve of 20 mm Aggregate and Natural Sand for 



























Granite Aggr : 57%
 Sand            : 43%
 
Fig.3.1.c: Combined Grading Curve of 20 mm Aggregate and Natural Sand for   
Concrete Mixes 2NC90, 2NCF90ST-0.5, 2NCF90ST-1.0, 2NCF90ST-1.5, 






















Granite Aggr : 57%
 Sand            : 43%
 
Fig.3.1.d: Combined Grading Curve of 10 mm Aggregate and Natural Sand for 


































5 mm Gra. 
Agg. : 59%
  F1  :15%
  F2  :10%
  F3  :10%
  F4  : 6%*
 
Fig. 3.1.e: Combined Grading Curve of 5 mm Granite Aggregate and Quartz Sand 




























 F1  :15%
 F2  :10%
 F3  :10%




Fig. 3.1.f: Combined Grading Curve of SiC Aggregate and Quartz Sand (F1, F2, F3 
and F4) for Mix 2SCF.  
 
 
* denotes the 45% of fines passing the sieve size which is equal to half of the maximum aggregate size. 
According to Dreux (1970), 45% passing produces maximum packing density. 
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                                    Fig. 3.5: Projectile Used (CRH 2.5, 15 g) 
 
 




                      
        
























                    
 
 
                          
                        Fig. 3.7: Experimental Setup with Graphite Sensor (Closed) 
        


























     Fig.3.8: Measurement to Determine Average Crater Diameter of Test Specimen. 
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CHAPTER 4  RESULTS AND DISCUSSION 
 
4.1   Normalization of Impact Test Results 
         Tables 4.1 to 4.5 summarize the impact test results for the concrete mixtures with 
compressive strengths ranging from about 45 to 210 MPa. The impact velocity of 
the projectile ranged from 615 to 714 m/s; and this difference was expected to 
affect the degree of damage on concrete. It was mentioned in chapter 2 that the 
penetration depth on concrete specimens increases with increasing impact velocity 
whereas the crater diameter was relatively unaffected with impact velocity (Zhang 
2005). In this study, therefore, the penetration depth was normalized by dividing it 
by the impact velocity whereas the crater diameter was kept without normalization 
for analyzing the impact results. As the specimens for the impact test were 
relatively thick (150 mm), neither perforation nor damage in the form of scabbing at 
their distal face was observed. 
   
4.2   Impact Resistance of Concrete 
         Impact resistance of 51 specimens from 17 concrete mixes was tested.  The impact 
velocity (v), crater diameter (Cd) and penetration depth (Pd) were measured and 
crack propagation was qualitatively examined.  
 
         From the results, the effects of the following variables on the penetration depth and 
crater diameter of the concrete were evaluated and discussed: (1) fibre contents, (2) 
fibre types, (3) fibre lengths, (4) compressive and flexural tensile strength of 
concrete, (5) dynamic modulus of elasticity of concrete, and (6) aggregate.  
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4.2.1 Effect of Fibre Content 
        Table 4.1 presents the effect of steel fibre content on the basic mechanical properties, 
penetration depth, and crater diameter on the concrete specimens subjected to the 
projectile impact.  
 
         The results indicated that the compressive and flexural tensile strength of the 
concrete increased with an increase in the fibre content up to 1.0% by volume of 
concrete. However, the strengths reduced slightly with a further increase in the fibre 
content to 1.5%. The lower strengths of the concrete with 1.5% fibres may be 
related to the effect of fibres on workability and thus consolidation and density of 
the concrete. Incorporation of steel fibres increased dynamic elastic modulus of the 
concrete. However, the fibre content does not seem to have significant effect on the 
dynamic modulus of elasticity.  
 
         When the concrete specimen was subjected to a high velocity impact, the crater 
diameter was reduced with an increase in the fibre content. For example, the 
incorporation of 1% steel fibres reduced the crater diameter by more than 20% 
compared with that on the control concrete specimen without fibres. The 
incorporation of the steel fibres reduced the penetration depth somewhat. However, 
the reduction was not significant. 
         Figure 4.1 shows damage by the projectile impact on the front face of the concrete 
specimens with different fibre contents. Radiating cracks were observed on the 
control concrete specimens and concrete specimens with 0.5% steel fibres. For the 
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specimens with 1.0 and 1.5% fibres, no such crack was observed except for a crater 
resulted from the impact by the projectile. According to Clifton (1982), the main 
beneficial effect of fibres at high rate and intense loadings is to bridge cracks, 
thereby reducing fragmentation and increasing energy absorption. 
         From the above results, 1.0% fibres were used in concretes for evaluating the 
effects of fibre type, fibre length, and compressive and flexural tensile strength of 
concrete on the impact resistance.  
 
4.2.2 Effect of Fibre Type 
         The effect of fibre type on the mechanical properties and impact resistance of 
concrete is presented in Table 4.2. Three types of the fibres used, steel, 
polyethylene, and polypropylene, had the same length of 13 mm. However, their 
diameter was not the same. 
 
         The incorporation of 1% steel fibres increased the compressive and flexural tensile 
strengths, dynamic modulus of elasticity, and impact resistance which was 
manifested as reduced crater diameter and penetration depth due to the impact of 
the projectile.  
         Compared with the steel fibre reinforced concrete, the concrete with 1% 
polypropylene fibres reduced the compressive and flexural tensile strength, 
dynamic modulus of elasticity, and impact resistance. This is probably due to the 
lower strength and elastic modulus of the polypropylene fibres in comparison with 
the steel fibres. Even compared with the control concrete without fibres, the 
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incorporation of 1% polypropylene fibres reduced the compressive strength and 
dynamic modulus of elasticity although the flexural tensile strength of the concrete 
was not affected. Under the projectile impact, the crater diameter of the concrete 
was reduced, but the penetration depth was increased compared with that of control 
concrete. The reduced compressive strength and increased penetration depth were 
probably related to poorer consolidation of the concrete as the polypropylene fibres 
were much finer (0.015 mm in diameter) than the steel fibres (0.20 mm in diameter). 
For equal volume of the fibres added (1%), the concrete with polypropylene fibers 
contained more number of fibres than the concrete with steel fibers. The increase in 
compressive strength due to the incorporation of steel fibres and decrease in 
strength due to the incorporation of polypropylene fibres, respectively, were also 
observed by Banthia et al. (1994). During the low velocity impact test by 
Bindiganavile, Banthia, and Aarup (2002), it was found that in general, steel fibre 
reinforced concrete (SFRC) is tougher than the polypropylene fibre reinforced 
concrete (PFRC) due to the greater stiffness of steel fibre over the polypropylene 
fibre. However, with the increase in the dynamic stress rate, the energy absobtion 
capacity or toughness is increased in PFRC, whereas SFRC is increasingly brittle 
under impact loading. This increase in efficiency of polypropylene fibre under 
impact loading is attributed to the apparent increase in its elastic modulus at high 
stress rates.  
 Compared with polypropylene fibres reinforced concrete, the concrete with 1% 
polyethylene fibres had higher compressive and flexural tensile strength, dynamic 
modulus of elasticity, and impact resistance. This is probably due to the higher 
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strength and elastic modulus of the polyethylene fibres compared with the 
polypropylene fibres. Compared with the steel fibre reinforced concrete, the 
concrete with 1% polyethylene fibres had lower compressive and flexural tensile 
strength, dynamic modulus of elasticity, and greater normalized penetration depth 
under the projectile impact, however, the crater diameter was about the same as that 
on the steel fibre reinforced concrete. Although the polyethylene fibres had much 
lower elastic modulus than the steel fibres, the tensile strength of the former is only 
slightly lower than the latter. Compared with the control concrete without fibres, the 
incorporation of 1% polyethylene fibres increased the flexural tensile strength of the 
concrete, however, the compressive strength was reduced. Under the projectile 
impact, the crater diameter on the concrete specimen was reduced, but the 
penetration depth was actually increased compared with the control concrete.  
  
 Comparing the concrete with 1% of three different types of fibres used, the 
performance of the concrete was in a descending order for the concrete reinforced 
with steel, polyethylene, and polypropylene fibers. This is probably related to the 
strength and elastic modulus and diameter of the fibres used. The steel fibres had 
the higherst tensile strength and elastic modulus followed by polyethylene fibres 
and the polypropylene fibres. The diameter of the fibres is in a descending order for 
steel, polyethylene, and polypropylene fibres. For a given length and percentage of 
fibres added in concrete, the finer the fibres, the greater the number of fibres in one 
cubic meter of concrete. Thus, the adverse effect of the polypropylene fibres on 
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workability of fresh concrete and thus consolidation of the concrete was most 
significant. 
 
         For the concrete incorporating 0.75% steel fibres and 0.25% polypropylene fibres, 
the compressive strength, flexural tensile strength, dynamic modulus of elasticity, 
were lower than those of concrete with 1% steel fibres but higher than those with 
1% polypropylene fibres. The normalized penetration depth under the impact was 
slightly greater when a combination of the two fibres were used in the concrete in 
comparison with the steel fibre reinforced concrete, but lower than the 
polypropylene fibre reinforced concrete. The crater diameter of the concrete was 
reduced slightly when a combination of the two fibres were incorporated in 
concrete compared with that of the concrete with only steel fibres or concrete with 
only polypropylene fibres. This is probably related to the combined effect of higher 
compressive strength due to the steel fibres and higher toughness due to the 
inclusion of polypropylene fibres as reported by Bindiganavile, Banthia, and Aarup 
(2002). In the case of only 1% polypropylene fibres, large numbers of fine fibers 
might have resulted lower workability and caused insufficient compaction, thus led 
to lower strengths and impact resistance. In the case with a combination of 0.75% 
steel fibres and 0.25% polypropylene fibres, the polypropylene fibres might have 
contributed to better toughness under the impact loading yet 0.25% by volume was 
not sufficient to cause workability and compaction problem. Thus the concrete 
incorporating a combination of steel and polypropylene fibers had smaller crater 
diameter of specimens.  
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         Figure 4.2 shows damage on the front face of the concrete specimens with different 
types of the fibres subjected to the projectile impact. Short hair-line cracks radiating 
from the crater were observed on the specimens with 1% polypropylene fibres. 
However, no visible crack was observed on the front face of the other fibre-
reinforced concrete specimens beyond the crater. 
         From the discussion above, by reducing the content of the polypropylene or 
polyethylene fibres in concrete, the workability of the concrete may be improved so 
that the concrete can be consolidated more properly. This may lead to increased 
compressive strength and reduced penetration depth when the concrete is subjected 
to the projectile impact. However, reduced fibre content may lead to an increase in 
the crater diameter as discussed in previous section. From the results obtained, the 
steel fibre-reinforced concrete and the concrete with a combination of 0.75% steel 
and 0.25% polypropylene fibres seem to be more suitable in resisting the projectile 
impact compared with the concrete with 1% polypropylene or polyethylene fibres 
only. 
 
4.2.3 Effect of Fibre Length  
         The effect of fibre length on the mechanical properties and impact resistance of 
concrete is presented in Table 4.3. The compressive strength, flexural tensile 
strength, dynamic modulus of elasticity, and penetration depth of concrete under the 
impact was not affected significantly with an increase in the fibre length from 13 to 
25 mm. However, the increase in the fibre length resulted in greater crater diameter 
when the concrete was subjected to the projectile impact.  
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A possible explanation is that if the fibres were oriented at an angle to the direction 
of load or impact, longer fibres were more susceptible to local bend around the 
crack during the impact loading, which produces flexural stresses in the fibres and 
compressive stresses in the matrix. As a result, the disturbed zone of matrix in 
concrete with longer fibers is larger than that of shorter fibres (as shown in Fig. 4.3). 
This leads to greater damage in concrete with longer fibres. The above might be the 
reasons for the larger crater diameter of the concrete with 25 mm fibres in 
comparison to that with 13 mm fibres.  
 
4.2.4 Effect of Compressive and Flexural Tensile Strength of Concrete 
         Table 4.4 presents the results on the impact resistance of the control concrete (no 
fibres) and concrete with 1% steel fibres at different strength levels. The 28-day 
compressive strength of the control concrete varied from 46.3 to 111.6 MPa, and 
that of the corresponding fibre-reinforced concrete, varied from 69.9 to 129.7 MPa. 
The incorporation of 1% steel fibres increased the compressive strength by ~15 to 
50 % and increased the flexural tensile strength by ~25 to 60% compared with the 
corresponding control concrete. It also increased the dynamic modulus of elasticity 
in general.  
        Under the projectile impact, the crater diameter and normalized penetration depth of 
the control concrete was reduced by 33% and 42%, respectively, with a reduction in 
the w/cm from 0.55 to 0.30 and an increase in the compressive strength from 46.3 
to 111.6 MPa. For the fibre-reinforced concrete, the reduction in the crater diameter 
and penetration depth was 10% and 35%, respectively, with a reduction of the w/cm 
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in the same range and an increase in the compressive strength from 69.9 to 129.7 
MPa. The crater diameter of the steel fibre-reinforced concrete with a w/cm of 0.55 
was lower than that of the control concrete with a w/cm of 0.30. 
         As mentioned earlier, upon impact by a projectile, it is possible that high 
compressive stresses are exerted by the projectile tip on the concrete specimens, 
whereas high shear stresses would be induced at the circumference in the specimens. 
Therefore, a higher compressive strength would impede penetration by the 
projectile, while a higher tensile strength may reduce the crater size by inhibiting 
fracture. 
Equation 2.1 shows the relationship between the compressive and tensile strength of 
concrete which is valid for plain concrete with compressive strength up to 83 MPa. 
According to this equation, impact parameters are supposed to be related to both the 
compressive and tensile strength of concrete within the validity range. However, in 
this study, most of the specimens were fibre-reinforced concrete with strength 
above the 83 MPa. For the plain concrete, experimental results showed that the 
impact parameters were related to both the compressive and tensile strength of 
concrete (as shown in Figs. 4.4 to 4.7).   
   
         Figure 4.4 shows the effect of the compressive strength on the normalized 
penetration depth of the concrete tested. The results clearly show that the 
normalized penetration depth was reduced with an increase in the compressive 
strength of both plain and fibre-reinforced concrete. However, when the strength 
was beyond a certain level, further increase in the compressive strength did not 
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reduce the penetration depth substantially. This was consistent with the results 
reported earlier (Zhang 2005).  
 Figure 4.5 shows the relationship between the normalized penetration depth and 
flexural tensile strength. There is a general trend that increasing the flexural tensile 
strength reduced the normalized penetration depth. However, the scatter was 
relatively large at lower flexural tensile strength level.  
 
         The effects of the compressive and flexural tensile strength on the crater diameter 
for the concrete tested were presented in Figs. 4.6 and 4.7, respectively. For the 
control concrete without fibres, the increase in the compressive and flexural tensile 
strength resulted in reduction in the crater diameter. However, the reduction was not 
significant when the strengths were beyond a certain level. For the fibre-reinforced 
concrete, the increase in the strengths did not affect the crater diameter significantly.  
 
         The above results indicated that the incorporation of a small amount of fibres could 
reduce the crater diameter effectively as the fibres were able to bridge cracks and to 
hold concrete together. However, in order to reduce the penetration depth, reduced 
water-to-cement ratio and increased strength of the concrete matrix was required. 
 
4.2.5 Effect of Dynamic Modulus of Elasticity 
 
Table 4.4 shows that the incorporation of 1% steel fibres in the concrete increased 
the dynamic modulus of elasticity by 0 to 7%. Figure 4.8 shows that the dynamic 
modulus of elasticity increased almost linearly with the compressive strength of 
concrete. Thus, the effects of the dynamic modulus of elasticity and compressive 
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strength on the impact resistance of concrete were expected to be similar. This was 
confirmed based on the results shown in Figs. 4.9 and 4.10. From the results in 
Table 4.4, it was found that under the projectile impact, the normalized penetration 
depth of concrete was reduced by 44% with an increase in the dynamic modulus of 
elasticity from 41.5 to 51.2 GPa. For the control concrete without fibres, the 
increase in the dynamic modulus of elasticity resulted in a reduction in the crater 
diameter. For the fibre-reinforced concrete, however, the increase in dynamic 
modulus of elasticity did not affect the crater diameter significantly.  
 
         As the dynamic modulus of elasticity varied almost linearly with the compressive 
strength of concrete, no further discussion was made in terms of Ed. However, the 
relationship between the compressive strength and dynamic modulus of elasticity 
does provide a way to estimate the impact damage with a non-destructive testing of 
the dynamic modulus of elasticity of the concrete. 
 
4.2.6 Effect of Aggregate           
Table 4.5 shows the effect of aggregate type on the penetration depth and crater 
diameter of the concrete subjected to the projectile impact.  
 
         Comparing Mixtures QFF and 2GRF, it appears that although the incorporation of 5 
mm granite in concrete mixture 2GRF resulted in reduction in the compressive and 
flexural tensile strength, it actually reduced the normalized penetration depth. The 
lower strengths of the mix 2GRF was probably due to the greater stress 
concentration between the granite aggregate and cement paste, whereas the reduced 
penetration depth may be attributed to the stronger granite in the concrete. This 
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result is consistent with findings by Zhang et al. (2005). The incorporation of 5 mm 
granite aggregate did not have significant effect on the crater diameter compared 
with that of Mix QFF in which only 1.18 mm quartz sand was used.  
 
         Comparing Mixes QFF and 2SCF, the incorporation of 5 mm silicon carbide 
aggregate in concrete increased the compressive strength by 12%, but the flexural 
tensile strength was reduced. In terms of the impact resistance, the incorporation of 
SiC aggregate reduced crater diameter and normalized penetration depth by ~15 and 
46%, respectively.  
 
        Comparing concrete with 5 mm granite aggregate (Mix 2GRF) and that with 5 mm 
silicon carbide aggregate (Mix 2SCF), it is clear that the compressive strength and 
impact resistance of the concrete with SiC aggregate were better than those with the 
granite aggregate. By using SiC aggregate the compressive strength was increased 
by 21%, and the crater diameter and normalized penetration depth of the concrete 
were reduced by ~15 and 37%, respectively. This may be attributed to the strength 
and rough surface texture of the SiC aggregate used. However, the effect of the SiC 
aggregate on the flexural tensile strength and dynamic modulus of elasticity was 
less significant. The increase in the flexural tensile strength and dynamic modulus 
of elasticity by using SiC aggregate was less than 5% compared with the concrete 
with the granite aggregate.  
  
         Figure 4.11 shows the front face damage of the concrete specimens with the 
different aggregates used in comparison with that of the concrete mix 2NCF90. No 
crack was observed in any specimens beyond the crater.  
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 Comparing the concrete mix 2NCF90 (Table 4.4) with Mix 2GRF (Table 4.5), 
although the reduction of w/cm (from 0.35 to 0.23) and maximum aggregate size 
(from 20 to 5 mm) and increase in the fibre content (from 1.0 to 1.5%) resulted in 
higher compressive and flexural strength for the concrete mix 2GRF, the concrete 
2GRF showed higher normalized penetration depth than that of the concrete 
2NCF90. The smaller crater diameter in the concrete 2GRF was probably due to its 
higher fibre contents (1.5%), at least partly. The smaller penetration depth in Mix 
2NCF90 may be attributed to the larger maximum aggregate size of the granite 
aggregate used which is stronger than the cement paste. As discussed in Chapter 2, 
the presence of strong granite aggregate is beneficial with respect to the impact 
resistance and hinders crack propagation (Zhang 2005). Under the impact loading, 
the rapid increase in stresses in the concrete specimens will drive a large number of 
microcracks into rapid extension. Thus, the cracks might be forced to propagate 
through the large coarse aggregate particles rather than around them. Since granite 
is formed from the solidification of molten rock matter either above or below the 
earth’s surface, aggregate derived from granite is generally stronger than the cement 
paste and the interfacial zone between them. Crack propagation is thus reduced 
when large coarse aggregate particles is present as they act as barriers to crack 
propagation and as effective energy absorbers. From the results, it appears that the 
type and maximum size of the aggregate used in concrete had significant effect on 
the impact resistance. For a given w/cm, in order to reduce the penetration depth, a 
stronger aggregate with bigger size seems to be beneficial so long as the aggregate 
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size meets requirements based on the size of concrete elements and the spacing 
between reinforcing bars and spacing between reinforcing bar and formwork.  
  
 From the results obtained and the consideration of cost and convenience of the 
production of the concrete mentioned above, it seems that the concrete mix 2NCF90 
gives good impact resistance with low production cost. Besides, it can be produced 
using conventional production technique without difficulty. The concrete with SiC 
as aggregate had better impact resistance than the concrete 2NCF90, and may be 
used in situations where there is such a need. However, the cost of SiC aggregate is 
much higher than that of ordinary granite aggregate.  
 
4.3 Comparison of Experimental Results with Those Predicted from 
Empirical Equations 
 
Empirical equations for predicting the penetration depth of concrete under projectile 
impact were discussed in subsection 2.4. Most of the equations give relationships 
between the penetration depth and in terms of compressive strength, whereas 
Hughes equation (Eq. 2.7) gives the relationship between the penetration depth and 
in terms of flexural tensile strength of concrete.  
 
In each of Figs. 4.12 to 4.19 two lines represent the penetration depth with the 
impact velocities of 600 and 700 m/s as the impact velocity of the projectiles for 
this experimental work ranged from 615 to 714 m/s. The results were compared 
with those obtained from experiment in the following sections. 
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It should be noted that most of these equations were developed for concrete with 
compressive strength up to 100 MPa (Forrestal 1994). The compressive strength of 
composites QFF, 2GRF and 2SCF were much higher than 100 MPa, thus it is not 
expected that these equations be valid for prediction of the penetration depth of the 
concrete mixes. Although the impact resistance of the concrete with SiC aggregate 
(Mix 2SCF) was better than that for most of the concrete with the granite aggregate, 
the concrete mixes 2GRF and QFF actually had higher penetration depth than the 
high strength concrete with the compressive strength of ~100 MPa. Due to their 
higher penetration depth and high production cost, it is not recommended that the 
two mixtures 2GRF & QFF be used for further investigation. Thus no attempt was 
made to develop empirical equations for prediction of the penetration depth in the 
concrete with such high strengths. In the following sections, the penetration depth 
in these three mixtures will not be compared with that predicted from the empirical 
equations. The data presented were for references only. 
 
4.3.1 Prediction of Penetration Depth with the Compressive Strength          
From Tables 4.6 to 4.8 and Figs. 4.12 to 4.14, it appears that the equations by the 
US Army Corps of Engineers (Eq. 2.2), Haldar (Eq. 2.4), and Ammann and 
Whitney (Eq. 2.6) gave reasonably good estimations for the penetration depth of the 
concrete with errors less than 24% compared with the experimental results. 
 
The modified US NDRC equation (Eq. 2.3) and UKAEA equation (Eq. 2.5) gave 
good estimation for the concrete with the compressive strength of < ~95 MPa as 
shown in Tables 4.9 and 4.10 as well as Figs. 4.15 and 4.16. However, they 
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overestimated the penetration depth for the concrete with the compressive strength 
> 95 MPa. 
 
Equations by Forrestal et al. (Eqs. 2.8 to 2.9) and Li and Chen (Eq. 2.10) 
significantly overestimated the penetration depth (Tables 4.11 and 4.12, Figs. 4.17 
and 4.18). The reason is that these equations consider the depths of the crater and 
tunnel as discussed in Subsection 2.4; whereas in the current experimental work, no 
tunnel was observed in the concrete specimens subjected to the projectile impact 
and only craters were observed. 
          
4.3.2  Prediction of Penetration Depth with the Flexural Tensile Strength 
Table 4.13 and Fig. 4.19 show a comparison of the penetration depth determined 
from the experiment and that calculated according to Hughes equation (Eq. 2.7). It 
appears that the Hughes equation overestimated the penetration depth.  
 
4.3.3 Possible Reasons for Differences between the Experimental Results and  
Predicted Penetration Depth 
The differences between the experimental results on the penetration depth and the 
predicted values might be due to following reasons.  
 
First of all, different equations were developed for impacts by projectiles of 
different sizes, shapes, and velocities. For example, the NDRC equations are 
applicable to projectiles with small diameters and light weight, whereas Haldar 
equations are applicable to all types of projectiles. Most of the equations are valid 
for the penetration depth with impact velocities up to 500 m/s. However, the 
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Forrestal & Li equations covered a broader range of velocities up to 1000 m/s. 
Ammann & Whitney equation is intended to predict the penetration depth for 
impact velocities over 300 m/s. 
 
Second, some equations such as NDRC, UKAEA, and Hughes equations were 
developed for reinforced concrete with conventional steel bars but other types of 
reinforcement such as fibres and the amount of reinforcement were not considered. 
In this study, however, the concrete specimens were reinforced with different types 
of fibres such as steel, polypropylene, and polyethylene fibres.  
 
It was mentioned earlier that the size of aggregates plays an important role for the 
penetration resistance. However, these equations do not consider the size of the 
aggregates used.  
 
 In spite of the differences, the US Army Corps of Engineers, Haldar, and Ammann 
and Whitney equations gave reasonably good predictions for the penetration depth 
of the concrete under the projectile impact, and may be used in future for design 
and calculation purposes.
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Table 4.1: Effect of Fibre Content on the Penetration Depth and Crater Diameter of the Concrete Subjected to the Projectile Impact 








Normalized  penetration depth, 





by vol. of 
concrete 
Unit 





















  Ave Stdev 
2NC90-1 690 115 28.3 41.0 















2NCF90-0.5-1 709 81 22.0 31.0 

















2NCF90-1.0-1 676 78 24.0 35.5 















2NCF90-1.5-1 685 88 25.3 37.0 
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Table 4.2: Effect of Fibre Types on the Penetration Depth and Crater Diameter of the Concrete Subjected to the Projectile Impact 










































  Ave St. dev 
2NC90-1 690 115 28.3 41.0 















2NCF90-ST-1 676 78 24.0 35.5 















2NCF90-PP-1 610 85 26.0 42.6 



















2NCF90-PE-1 676 74 28.0 41.4 

















2NCF90-STPP-1 615 79 22.0 35.8 







2432      105.9  9.2 
 
48.0 
    638   77 
77 2 





   
Table 4.3: Effect of the Length of Fibres on the Penetration Depth and Crater Diameter of the Concrete Subjected to the Projectile 





































  Ave Stdev 
NCF90-13-1 678 85 22.0 32.5 


















NCF90-25-1 710 101 28.0 39.4 
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Table 4.4: Effect of the Compressive and Flexural Tensile Strength on the Penetration Depth and Crater Diameter of the Concrete 
















































2NC40-1 684 149 45.0 65.8 


















2NCF40-1 699 94 39.0 55.8 




















2NC60-1 634 123 36.0 56.8 



















2NCF60-1 680 84 35.0 51.5 



















2NC90-1 690 115 28.3 41.0 


















2NCF90-1 676 78 24.0 35.5 




















2NC120-1 675 110 27.0 40.0 
2NC120-2 676 98 25.0 37.0 
2NC120-3 
 













2NCF120-1 704 85 26.0 36.9 
2NCF120-2 699 82 25.0 35.8 
2NCF120-3 
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  Ave Stdev 
QFF-1 644 85 39.0 60.5





1.5 Quartz/   1.18mm 
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2GRF-1 714 82 32.0 44.8
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2NC90 0 - - 96.9 680 26 30 -13.6 
2NCF90ST-0.5 0.5 112.5 701 24 29 -21.8 















   
Type Ι 
 123.1 663 23 26 -15.2 
2NCF90ST Steel 126.7 681 25 27 -8.0 
























105.9 630 24 26 -10.2 
2NCF90-13 13 114.6 686 25 28 -13.2 
2NCF90-25 
0.35 1.0 Steel 
25
Granite/20 Natural Type Ι  110.2 702 25 29 -15.2 
2NC40 0.55 46.3 669 43 39 9.1 




96.9 680 26 30 -13.6 
2NC120 0.30 
  





Granite/10 111.6 674 25 28 -9.4 
2NCF40 0.55 69.9 690 38 34 10.5 


























129.7 698 25 27 -7.5 
QFF Quartz 187.2 681 36 23 36.0 
2GRF Quartz + Granite/5 173.8 690 32 24 24.2 
2SCF 









209.8 659 19 21 -12.5 
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2NC90 0 - - 96.9 680 26 30 -16.4 
2NCF90ST-0.5 0.5 112.5 701 24 29 -22.3 















   
Type Ι 
 123.1 663 23 26 -16.4 
2NCF90ST Steel 126.7 681 25 27 -8.1 
























105.9 630 24 27 -13.9 
2NCF90-13 13 114.6 686 25 28 -13.9 
2NCF90-25 
0.35 1.0 Steel 
25
Granite/20 Natural  Type Ι 
 110.2 702 25 29 -15.9 
2NC40 0.55 46.3 669 43 46 -6.8 




96.9 680 26 30 -16.4 
2NC120 0.30 
  





Granite/10 111.6 674 25 28 -10.8 
2NCF40 0.55 69.9 690 38 37 3.9 


























129.7 698 25 27 -6.8 
QFF Quartz 187.2 681 36 23 36.0 
2GRF Quartz + Granite/5 173.8 690 32 24 25.0 
2SCF 









Sulphate    
Resistant 
209.8 659 19 22 -13.8 
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2NC90 0 - - 96.9 680 26 30 -15.2 
2NCF90ST-0.5 0.5 112.5 701 24 29 -23.9 















   
Type Ι 
 123.1 663 23 25 -11.9 
2NCF90ST Steel 126.7 681 25 26 -6.3 
























105.9 630 24 25 -5.4 
2NCF90-13 13 114.6 686 25 28 -13.3 
2NCF90-25 
0.35 1.0 Steel 
25
Granite/20 Natural  Type Ι 
 110.2 702 25 30 -17.6 
2NC40 0.55 46.3 669 43 42 2.1 




96.9 680 26 30 -15.2 
2NC120 0.30 
  





Granite/10 111.6 674 25 27 -8.6 
2NCF40 0.55 69.9 690 38 36 5.5 























129.7 698 25 27 -7.3 
QFF Quartz 187.2 681 36 22 40.0 
2GRF Quartz + Granite/5 173.8 690 32 23 27.6 
2SCF 











209.8 659 19 19 -1.3 
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2NC90 0 - - 96.9 680 26 34 -32.3 
2NCF90ST-0.5 0.5 112.5 701 24 34 -43.3 















   
Type Ι 
 123.1 663 23 31 -36.9 
2NCF90ST Steel 126.7 681 25 32 -28.4 
























105.9 630 24 31 -29.8 
2NCF90-13 13 114.6 686 25 33 -33.4 
2NCF90-25 
0.35 1.0 Steel 
25
Granite/20 Natural Type Ι  110.2 702 25 34 -35.3 
2NC40 0.55 46.3 669 43 43 -0.5 




96.9 680 26 34 -32.3 
2NC120 0.30 
  





Granite/10 111.6 674 25 33 -28.8 
2NCF40 0.55 69.9 690 38 39 -1.7 


























129.7 698 25 32 -27.8 
QFF Quartz 187.2 681 36 28 21.3 
2GRF Quartz + Granite/5 173.8 690 32 29 7.5 
2SCF 
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2NC90 0 - - 96.9 680 26 34 -29.4 
2NCF90ST-0.5 0.5 112.5 701 24 33 -40.1 















   
Type Ι 
 123.1 663 23 30 -33.5 
2NCF90ST Steel 126.7 681 25 31 -25.3 
























105.9 630 24 30 -26.6 
2NCF90-13 13 114.6 686 25 32 -30.4 
2NCF90-25 
0.35 1.0 Steel 
25
Granite/20 Natural  Type Ι 
 110.2 702 25 33 -32.3 
2NC40 0.55 46.3 669 43 42 1.3 




96.9 680 26 34 -29.4 
2NC120 0.30 
  





Granite/10 111.6 674 25 32 -25.8 
2NCF40 0.55 69.9 690 38 38 0.3 

























129.7 698 25 32 -24.8 
QFF Quartz 187.2 681 36 28 23.4 
2GRF Quartz + Granite/5 173.8 690 32 29 9.9 
2SCF 






























































2NC90 0 - - 96.9 680 26 51 -95.7 
2NCF90ST-0.5 0.5 112.5 701 24 51 -113.6 















   
Type Ι 
 123.1 663 23 46 -101.4 
2NCF90ST Steel 126.7 681 25 47 -90.1 
























105.9 630 24 45 -88.7 
2NCF90-13 13 114.6 686 25 49 -97.9 
2NCF90-25 
0.35 1.0 Steel 
25
Granite/20 Natural  Type Ι 
 110.2 702 25 51 -101.8 
2NC40 0.55 46.3 669 43 63 -45.9 




96.9 680 26 51 -95.7 
2NC120 0.30 
  





Granite/10 111.6 674 25 48 -90.3 
2NCF40 0.55 69.9 690 38 57 -50.1 

























129.7 698 25 48 -90.4 
QFF Quartz 187.2 681 36 42 -16.1 
2GRF Quartz + Granite/5 173.8 690 32 43 -37.1 
2SCF 
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2NC90 0 - - 96.9 680 26 49 -87.3 
2NCF90ST-0.5 0.5 112.5 701 24 48 -103.6 















   
Type Ι 
 123.1 663 23 44 -91.7 
2NCF90ST Steel 126.7 681 25 45 -80.8 
























105.9 630 24 43 -80.5 
2NCF90-13 13 114.6 686 25 47 -88.6 
2NCF90-25 
0.35 1.0 Steel 
25
Granite/20 Natural  Type Ι 
 110.2 702 25 49 -92.4 
2NC40 0.55 46.3 669 43 61 -42.7 




96.9 680 26 49 -87.3 
2NC120 0.30 
  





Granite/10 111.6 674 25 46 -81.5 
2NCF40 0.55 69.9 690 38 56 -44.9 


























129.7 698 25 46 -80.9 
QFF Quartz 187.2 681 36 39 -9.4 
2GRF Quartz + Granite/5 173.8 690 32 41 -29.3 
2SCF 
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2NC90 0 - - 6.0 680 26 52 -101.5 
2NCF90ST-0.5 0.5 7.5 701 24 47 -98.0 















   
Type Ι 
 9.5 663 23 37 -64.7 
2NCF90ST Steel 9.8 681 25 38 -53.5 
























9.2 630 24 36 -50.9 
2NCF90-13 13 8.3 686 25 43 -72.6 
2NCF90-25 
0.35 1.0 Steel 
25
Granite/20 Natural  Type Ι 
 8.5 702 25 43 -71.0 
2NC40 0.55 5.6 669 43 54 -24.9 




6.0 680 26 52 -101.5 
2NC120 0.30 
  





Granite/10 8.0 674 25 43 -68.7 
2NCF40 0.55 7.0 690 38 48 -25.6 


























9.9 698 25 39 -53.7 
QFF Quartz 31.5 681 36 19 46.1 
2GRF Quartz + Granite/5 25.4 690 32 22 30.7 
2SCF 











26.0 659 19 21 -8.9 
 






Fig.4.1: Front Face Damage of the Specimens with Different Amount of Fibres after the Impact Test, (a) 2NC90 (No 











Fig.4.2: Front Face Damage of the Specimens with Different Types of Fibres after the Impact Test, (a) 2NCF90ST(1% 
steel fibres) (b) 2NCF90PP(1% polypropylene fibres) (c) 2NCF90PE(1% polyethylene fibres) (d) 2NCF90STPP(0.75% 
steel fibres + 0.25% polypropylene fibres). 
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Fig.4.4: Effect of Compressive Strength on the Normalized Penetration Depth 
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                    Fig.4.5: Effect of Flexural Tensile Strength on the Normalized Penetration Depth  
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                    Fig. 4.8: Relationship between the Dynamic Modulus of Elasticity and Compressive 
Strength of Concrete. 
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                   Fig. 4.9: Effect of the Dynamic Modulus of Elasticity on the Normalized Penetration   










40 43 46 49 52















                    Fig. 4.10: Effect of the Dynamic Modulus of Elasticity on the Crater Diameter of 
Concrete. 
 










Fig.4.11: Front Face Damage of the Specimens with Different Aggregates after the Impact Test, (a) 2NCF90 (b) QFF (c) 
2GRF (d) 2SCF. 
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Fig.4.13: Comparison of Test Results with The Haldar’s Equations. 
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Fig.4.15: Comparison of Test Results with The Modified US NDRC Equations. 
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Fig.4.17: Comparison of Test Results with The Forrestal Equation. 
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Fig.4.19: Comparison of Test Results with The Hughes Equation. 
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CHAPTER 5 : CONCLUSIONS AND RECOMMENDATIONS 
 
   5.1 Conclusions 
 
            The impact resistance of the concrete with different ingredient materials and 
proportions was studied when the concrete was subjected to projectile impact with 
velocities ranged from 615 to 714 m/s. The projectile had an ogive shaped nose 
with a mass of 15 grams. The crater diameter, normalized penetration depth, and 
crack propagation in concrete subjected to projectile impact were used to evaluate 
the impact resistance of the concrete. Variables for the concrete included the 
content, type, and length of fibres, type and size of aggregates, and concrete 
strength level. From the experimental results, some trends between material 
variables of the concrete and mechanical properties and impact resistance have 
been discussed. The experimental results were compared with those predicted 
from various empirical equations by US ACE, US NDRC, Haldar, UK AEA, 
Ammann and Whitney, Hughes, Forrestal et al. and Li. Based on these, the 
following conclusions may be drawn: 
            1. The crater diameter and penetration depth were reduced with an increase in 
fibre content up to 1% of the steel fibres used, a level at which the 
consolidation of concrete was not adversely affected by the fibres. However, 
the reduction in the penetration depth was not significant. At the fibre content 
of 1% no radiating crack beyond the crater was observed. 
2.  The concrete with 1% steel fibres and the concrete with a combination of 
0.75% steel fibres and 0.25% polypropylene fibres seem to be more suitable in 
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resisting the projectile impact compared with the concrete with 1% 
polyethylene or 1% polypropylene fibres alone. 
 
3.  The penetration depth of the concrete under the projectile impact was not 
affected significantly with an increase in the fibre length from 13 to 25 mm. 
However, the increase in the fibre length resulted in greater crater diameter.  
 
4.  The crater diameter and normalized penetration depth of the control concrete 
was reduced by 33% and 42%, respectively, with an increase in the 
compressive strength from 46.3 to 111.6 MPa. For the fibre-reinforced 
concrete, the reduction in the crater diameter and normalized penetration 
depth was 10% and 35%, respectively, with an increase in the compressive 
strength from 69.9 to 129.7 MPa.  
5.  Effect of the dynamic modulus of elasticity of concrete shows a similar trend 
as that of the compressive strength on the impact resistance of concrete. 
      6. For a given w/cm of concrete, a strong aggregate with bigger size is beneficial 
in order to reduce the penetration depth so long as the size of the aggregate 
satisfies requirements based on element size, spacing between reinforcing bars, 
and spacing between the reinforcing bar and formwork. 
 
   7. The equations by US Army Corps of Engineers, Haldar, and Ammann and 
Whitney gave reasonably good estimations for the penetration depth of the 
concrete with variations less than 24% compared with the experimental results. 
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In summary, the incorporation of a small amount of fibres could reduce the crater 
diameter effectively as the fibers were able to bridge cracks and to hold concrete 
together. However, in order to reduce the penetration depth, reduced water-to-
cement ratio, use of stronger aggregates, and increased strength of the concrete 
were required. From the results obtained and the consideration of cost and 
convenience of the production of the concrete mentioned above, it seems that the 
fibre-reinforced concrete mix with 1% steel fibres (2NCF90-ST) and that with a 
combination of 0.75% steel fibres and 0.25% polypropylene fibres (2NCF90-
STPP) give good impact resistance with low production cost. Besides, they can be 
produced using conventional production technique without difficulty. The 
concrete with SiC as aggregate had better impact resistance than the concrete 
2NCF90, and may be used in situations where there is such a need. However, the 
cost of SiC aggregate is much higher than that of ordinary granite aggregate.  
 
  5.2  Recommendations for Future Work 
           Based on the literature review and the experimental results obtained from this 
research project, the following recommendations are made for future work.               
1. The effects of the use of Geo-polymer cement instead of Type Ι and sulphate 
resistant cement could be studied for their higher flexural strength which may 
exhibit more beneficial effect on the impact resistance.   
 
2. A larger projectile may be used to simulate actual situations better if 
equipment permits. 
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3. Dynamic compressive and tensile strengths could be determined by split 
Hopkinson pressure bar under high-strain rates. Their effect on the impact 
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